Miss Fullerton, to whom all phyla were equally beautiful, taught my tenth grade biology class in 1948, which is my only formal education in that subject. She presented a naturalist's descriptive account of the myriad wonders and details of biology, organized much as Linnaeus advocated with a nod to Darwin and evolutionary relationships. We witnessed amoebae extending pseudopodia, seeds sprouting, tadpoles growing, green leaves in sunlight emitting oxygen, pistils and stamens reproducing, and the complexity of ant colony behavior. Such biological processes were observed, described, and categorized. The causal origins of these processes were left utterly mysterious; questions about the causes of these processes were somehow not a part of biology, even at my exceptional public high school. In my high school years, science textbooks and courses lagged 20 years behind frontier science. However, even if they had been current, this was before the discovery of the double helix, before any protein or nucleic acid had been sequenced, before x-ray crystallography had yielded any significant biomolecular structures; 1948 was part of an era in which Mendelian genetics had no known physical basis.
With two parents who were physicists, I grew up with the view that science was about understanding quantitatively how things worked, not about collecting details and categorizing observations. Their view, though not so explicitly stated, was certainly that of Rutherford: 'all science is either physics or stamp collecting.' So, when selecting science as a career, I never considered working in biology and ultimately chose solid state physics research.
This introduction serves to remind the reader that issues arising from 'working at the physics-biology interface' are set in time. My experiences and motivations are entirely different from those of a young physicist today-40 years later-who is contemplating working at this interface, just as mine were different from those of theoretical physicist Max Delbruck who made the transition 40 years before me. Yet there is also the invariant problem of attempting to bring the intellectual tradition of one science into a field currently defined by a very different tradition. My personal anecdotes contain details set in their time, but are still somewhat generic and illustrative, with respect to working at this interface.
After 15 years as a condensed matter theorist, why did I turn to biology?
To work successfully in physics theory, one must both choose interesting problems and have the 'mathematical' abilities to construct acceptable solutions to these problems. (I write 'mathematics' rather than mathematics because so much interesting theory involves crude models of physical systems, uncontrolled approximations of actual physics, and in both cases, lack the rigor (mortis?) of pure or applied mathematics.) Most of my interesting works in solid-state physics were those that sought the physical explanation of experimental facts in systems where little was understood. I found particular delight in simple explanations of the elementary facts being discovered by experimentalists and in suggesting new experiments based on this understanding. However, solid-state physics was maturing, and such interesting and useful simple puzzles were fast disappearing. By 1969, I understood enough about where my talents and pleasures in science lay to know that I should look for problems more widely. Robert G Shulman, a chemist at Bell Laboratories who was using NMR in hemoglobin to elucidate the origin of the cooperative binding of O 2 by the hemoglobin tetramer, convinced me that the time had arrived when aspects of biomolecular function could be understood from a physical and structural viewpoint. This seemed connected to what I had enjoyed in solid-state physics so I joined him in pursuing the physics of biological molecules. I didn't really think of this as moving into biology, but rather as exploring another venue in which to do physics. Advice? Know yourself.
How sympathetic were biologists to a viewpoint from theoretical physics?
I attended my first biology conference in the summer of 1970 at a small meeting with the world's experts on the hemoglobin molecule. It was held at the Villa Serbelloni in Bellagio, in sumptuous surroundings verging on decadence as I had never seen for physics meetings. One of the senior biochemists took me aside to explain to me why I had no place in biology. As he said, gentlemen did not interpret other gentlemen's data, and preferably worked on different organisms. If you wish to interpret data, you must get your own. Only the experimentalist himself knows which of the data points are reliable, and so only he should interpret them. Moreover, if you insist on interpreting other people's data, they will not publish their best data. Biology is very complicated, and any theory with mathematics is such an oversimplification that it is essentially wrong and thus useless. And so on… On closer examination, this diatribe chiefly describes differences between the physics and biology paradigms (at the time at least) for engaging in science. Physics papers use data points with error bars; biology papers lacked them. Physics was based on the quantitative replication of experiments in different laboratories; biology broadened its fact collecting by devaluing replication. Physics education emphasized being able to look at a physical system and express it in mathematical terms. Mathematical theory had great predictive power in physics, but very little in biology. As a result, mathematics is considered the language of the physics paradigm, a language in which most biologists could remain illiterate. Time has passed, but there is still an enormous difference in the biology and physics paradigms for working in science. Advice? Stick to the physics paradigm, for it brings refreshing attitudes and a different choice of problems to the interface. And have a thick skin.
Of what help was my knowledge of physics?
My background in condensed matter and the courses I taught in statistical mechanics, quantum mechanics, solid state, and even freshman physics were all enormously helpful in providing physics-based metaphors for various biological processes that put them in a familiar conceptual and mathematical framework. For example, the idea that proofreading can take place at a molecular level if energy can be suitably coupled to chemical reactions was based on an understanding of the Overhauser Effect in spin resonance. My theoretical papers on long-range electron transfers in bioenergetics were a transcription into biological systems of ideas I had previously explored in electron-hole recombination in semiconductors. Understanding some of the lore of spin glasses was essential to my first papers on associative memory. My present pursuit of the dynamics of neural computation is metaphorically based on the behavior of the magnetic 'bubbles' conceived for computer memory 40 years ago. Advice? Collect a broad exposure to as many diverse physical systems as you can to gain intuitions about how biological systems might work.
What was my biggest scientific surprise?
I had written a paper on biochemical proofreading in which I had described how to determine whether proofreading occurred in protein synthesis on the ribosome. The paradigm at the time would have described the correct biological stoichiometry between GTP used and amino acids added as 1:1, and any measured departure from an integer ratio should be attributed to artifacts in the experimental study. My prediction was that the stoichiometry was not integer: that there should be slippage and stoichiometry greater than unity even for the addition of a correct amino acid, and that for adding an incorrect amino acid, the ratio should be large -greater than 10. I had little idea of how to actually design such an experiment. Two years after publication, my paper still did not have many molecular biology readers, but I was occasionally asked to give a biophysics seminar. Thus, I ended such a talk at Harvard Medical School with a brief account of this prediction. The second question at the end of the talk was from Robert C Thompson, a complete stranger to me. He merely asked 'Would you like to hear the results of such an experiment?' and proceeded to describe his experiment (not yet published) and the measured stoichiometry ratios that overwhelmingly supported the proofreading idea. Advice? Do your best to make falsifiable predictions. They are the distinction between physics and 'Just So Stories.'
What was my luckiest break?
Any successful career in science has more than its share of good fortune. I spent the winter of 1977 at the Bohr Institute/Nordita in Copenhagen looking for a new problem to work on. As I recounted in a recent article [1], I arranged many broadening interfacial seminars, but found no new problem that engaged me. Shortly after my return to Princeton, Francis O. Schmidt walked into my office. He ran the Neuroscience Research Program, an entity that chiefly held small meetings attended by 20 regular program members and 20 outsiders chosen for special topic meetings. Schmidt invited me to speak at the next meeting. I told him I knew nothing about neuroscience, to which he replied it didn't matter, 'just speak on what interests you.' So I spoke about biomolecular accuracy. The audienceneurologists, neuroendocrinologists, psychologists, immunologists, electrophysiologists, neuroanatomists, biochemists-understood little of what I said but it didn't matter. It was a well-intentioned put-up job. Frank wanted to add a physicist to the group. He was hoping to bring in someone who might perhaps help neurobiology become more complete as a science. He had received my name from relativist John A Wheeler, who (for reasons that I have never grasped) has always been one of my strong supporters. One meeting convinced me that this field was ripe for the physics paradigm, while posing some of the deepest questions in biology. I have pursued neurobiology since this watershed event. I was also immersed into an extremely broad set of superb neuroscientists from whom I could learn. After three such educational years, I finally defined a problem and wrote my first paper containing the word 'neuron.' It became my most highly cited paper and its formulation of a problem represents the positive side of the culture wars. Advice? 'Of all the gin joints, in all the towns, in all the world, she walks into mine.' Own the right gin joint.
[1] John J H 2014 Whatever happened to solid state physics? Ann. Rev. Cond. Matt. Phys. 5 1-13
